The lateral oxidation of thick AlGaAs layers (>500 nm) is studied. An uncommon shape of the oxide tip is evidenced and attributed to the embedded stress distribution, inherent to the oxidation reaction. Experimental and numerical studies of the internal strain in oxidized Al x Ga 1Àx As/GaAs structures were carried out by dark-field electron holography and finite element methods. A mapping of the strain distribution around the AlGaAs/oxide interface demonstrates the main role of internal stress on the shaping of the oxide front. These results demonstrate the high relevance of strain in oxide-confined III-V devices, in particular, with over-500-nm thick AlOx confinement layers. 4 and non-linear optical devices. 5 One important issue of this technology is the excess of stress, induced by the oxidation reaction, which affects the mechanical stability and the reliability of the devices. Indeed, the conversion from Al x Ga 1Àx As to aluminum oxide (AlOx) generates a volume contraction of 6%-20% depending on the aluminum content in Al x Ga 1Àx As, the layer thickness, and the oxidation process conditions. 6 Although this phenomenon has been investigated using various physicochemical techniques [7] [8] [9] [10] or/and numerical modeling, 10, 11 all the previous studies have focused on the lateral oxidation of thin Al x Ga 1Àx As films (<100 nm), while the problem of an internal stress in the case of thick Al x Ga 1Àx As layers ($1 lm) has never been analyzed, despite a growing interest due to their involvement in emerging photonic devices. 12, 13 In particular, GaAs-based structures composed of a membrane upon an oxide would be an attractive solution to enable both strong vertical confinement and electrical injection in photonic crystal (PC) laser structures. Furthermore, the use of a thick AlOx low index layer would improve thermal and mechanical properties due to the higher monolithic nature compared to the commonly used air-bridge PC slab structure. 14, 15 In this work, we have combined dark-field electron holography, scanning electron microscopy (SEM), and numerical simulations to get an insight into the strain spatial distribution in partially oxidized GaAs/AlGaAs structures in which the oxidized layer thickness exceeds 500 nm. In the present work, we present a 2D mapping of the strain distribution around the oxide/semiconductor interfaces from which we have identified a link between the effect of the internal stress and the oxide front shape, and hence its effect on the oxidation kinetics within such thick layers.
Two GaAs/AlGaAs epitaxial structures (A and B) were grown using solid source molecular beam epitaxy on a GaAs (100) substrate. The vertical structures of samples A and B are composed, from the substrate to the surface, as follows: GaAs(500 nm)/Al 0.98 Ga 0.02 As(1500 nm)/GaAs(1000 nm) and GaAs(500 nm)/Al 0.98 Ga 0.02 As(400 nm)/GaAs(1000 nm), respectively. Stripes with three different widths (100, 200, and 300 lm) were defined in both epitaxial structures using photolithography and inductively coupled plasma reactive ion etching (ICP-RIE) to allow in the subsequent step the lateral oxidation of the buried Al 0.98 Ga 0.02 As from its etched sidewall. Sample A was divided into three pieces that were oxidized at 420 C and 500 mbars under saturated N 2 H 2 /H 2 O mixtures produced at 95 C, during 5, 10, and 30 min, respectively. Then, the three oxidized pieces were cleaved perpendicular to the stripes, along the oxide propagation direction, and observed by SEM (Hitachi FEG S4800). Sample B was oxidized under the same experimental conditions during 10 min.
As for the oxidation kinetics of thin AlAs layers (<100 nm), the lateral growth of the AlOx on thick AlGaAs layer (1.5 lm) versus time can be described by the DealGrove model 16 (combination of linear and parabolic kinetics). However, the SEM images of the oxide front (see direction, which is similar for both AlGaAs thicknesses, but depends on the oxidation duration. Such a slanted interface front shape has never been reported previously. We notice that this angle is mainly formed in the first 10 min of the oxidation and then increases slightly for longer oxidation time (see Fig. 2 ). While thin AlAs oxides present a curved front that was associated to an Gibbs-Thomson interface effect, 17 the oblique shape of the oxide front in the case of the thick layers oxidation could be a consequence of the stress arising from the oxide layer in the initial step of the oxidation process. Tapered oxide shapes of thin oxide layers as widely exploited in VCSELs, results from the vertical oxidation of the AlGaAs surrounding layers whose lower Al content is specifically chosen. 17 In the case of the thick oxidized layers, the cap GaAs layer is thinner than the substrate, and therefore the induced stress is preferentially partially elastically relieved from the top side of the AlOx layer. In contrast, at the bottom side of the AlOx layer, the tensile stress is higher. This stress asymmetry is then expected to affect significantly the oxidation kinetics by enhancing the reactive species diffusion as described by Barvosa-Carter et al. 18 The diffusion coefficient in such stress embedding systems can be expressed as 19, 20 
where D 0 is the diffusion coefficient independent on stress, X is the molar volume of the diffusion material, r ox is the biaxial stress in the oxide, R is the gas constant, T is the absolute temperature, and a is a positive non-dimensional coefficient.
In Fig. 3 , we have fitted the experimental oxidation depths corresponding to the upper and lower bound of the oxidation front, using the Deal-Grove model. Based on a set of parameters determined in a previous work, 21 we have adjusted the diffusion coefficient D to achieve the best fit between the model and the experimental data. In this way, we have access to the diffusion coefficient. It is found to be 1.58 times higher for the bottom interface than for the upper one. Due to the lack of knowledge of the parameters in the exponential term of Eq. (1), we can only deduce a corresponding ratio between the top and the bottom biaxial stress of r ox_up / r ox_down ¼ À2. This indicates that the stress is opposed on each side of the oxide front.
In order to analyze the stress distribution and the resulting strain in the vicinity of the AlOx/AlGaAs interfaces in sample B, a 150-nm-thick cross-sectional lamella were prepared and thinned by means of focused Ga ion beam (FIB) and analyzed by dark-field electron holography using high resolution transmission electron microscopy (HRTEM) (Cs-corrected Tecnai F20). The 2D mapping of the strain field along the X-direction (parallel to the oxide growth direction) and the Y-direction (perpendicular to the oxide growth direction) and the dark-field holograms of the (004) and (220) planes close to the oxidation front are presented in Fig. 4 . As the oxide is amorphous, only strain in the semiconductor parts can be observed using this technique. In the X-direction, the results show a tensile strain (%10 À3 ) in the AlGaAs side of the interface except at the upper corner of the front (green zone) where the strain is found to be compressive (%À10
À3
). Along the Y-direction, we note a tensile strain in the AlGaAs layer close to the oxide front and the bottom GaAs adjacent zone. The sample can unfortunately not provide any information at the AlOx/GaAs upper interface due to the FIB-induced damage. Those results were compared qualitatively with finite element analysis (FEM), since HRTEM measurements are carried out on thin lamella (of about 150 nm), whereas FEM simulations are carried out on a 2D semi-infinite structure. The AlOx volume shrinkage was obtained by attributing a negative dilatation coefficient to the AlOx layer and a zero value to the semiconductor parts. Then, the structure temperature was chosen to induce a contraction of 6.7%, according to our experimental observations. The GaAs and AlGaAs mechanical parameters are well known, contrary to the oxide (AlOx) for which we used c-Al 2 O 3 parameters (E ¼ 350 GPa, ¼ 0.21). The stress was considered isotropic for both materials. Note that using the Von Mises criterion, we verified that for low oxidation depths the Von Mises stress does not exceed the GaAs yield stress (2.54 GPa) which means that the structures are still elastically strained. The simulation results are represented in Fig. 5 . The strain fields in the X-and Y-directions are in qualitative agreement with the experimental measurements using the dark-field electron holography. The very slight difference between the experimental and the simulation results could be explained on one hand, by the considered approximations since the materials are not perfectly isotropic and the amorphous AlOx properties are slightly different from those of the crystalline c-Al 2 O 3 and, on the other hand, since the thickness of the lamella employed for HRTEM observations might slightly change the stress volume distribution. The mechanical stress induced by volume shrinkage during the wet oxidation of thick AlGaAs layers has been investigated by dark-field electron holography and FEM numerical simulations. The experimental measurements are consistent with modeling and show a tensile strain of some 10 À3 close to the oxide front. Moreover, we have demonstrated that the internal stress due to oxidation impacts the diffusion of the oxidizing species: the stress variation perpendicular to the oxide growth direction leads to the formation of an oblique oxide front whose angle depends on the stress distribution and the oxidation duration. This work finally demonstrate feasibility of stable wet oxidized thick AlGaAs layers, which is highly attractive for the use in GaAs-based PC lasers. This solution is expected to greatly improve the performance of PC lasers by ensuring increased mechanical stability and better heat transfer to the substrate, and moreover, enabling vertical carrier injection within these laser structures.
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